The growth of uninjured and heat-injured Aeromonas hydrophila incubated at 5°C (22 days) and 30°C (31 h) under air, N2, and CO2 was investigated. At 30°C, the growth patterns of cells on brain heart infusion agar incubated under air and N2 were similar, although slight differences in the lengths of the lag phases and the final populations were detected. The lag phases of cells incubated under air and N2 were substantially longer at 5°C than at 30°C. The population of uninjured A. hydrophila incubated at 5°C under air and N2 remained constant, whereas the number of injured cells declined before the exponential growth phase. Growth The use of modified-atmosphere packaging to extend the shelf life of perishable foods has great potential (17, 18). However, the behavior of A. hydrophila as influenced by modified atmospheres has not been adequately described. This investigation was undertaken to determine the growth and characteristics of A. hydrophila incubated under air, CO2, and N2 at 5 and 30°C. The growth conditions simulated those that exist in foods packaged in modified atmospheres, i.e., uninjured and heat-injured cells of A. hydrophila were grown on a nutritious medium in flexible packages.
Aeromonas hydrophila has long been recognized as a pathogen in aquatic environments (15) . More recently, however, its role as a psychrotrophic spoiler of meat, seafood, and vegetables has been recognized (3, 12, 13) . A. hydrophila has been isolated from fresh water as well as from domestic water supplies (16) . Although no confirmed cases of A. hydrophila food poisoning have been reported, the prevalence of the organism in food and water and its association with gastrointestinal illness (1, 8, 11 ) strongly suggest that A. hydrophila plays a significant role in foodborne disease.
The use of modified-atmosphere packaging to extend the shelf life of perishable foods has great potential (17, 18) . However, the behavior of A. hydrophila as influenced by modified atmospheres has not been adequately described. This investigation was undertaken to determine the growth and characteristics of A. hydrophila incubated under air, CO2, and N2 at 5 and 30°C. The growth conditions simulated those that exist in foods packaged in modified atmospheres, i.e., uninjured and heat-injured cells of A. hydrophila were grown on a nutritious medium in flexible packages.
A. hydrophila (type strain, UQM 2768), obtained from the culture collection of the Department of Microbiology, University of Queensland, Brisbane, Australia, was used throughout the study. The organism was grown and maintained at 30°C in buffered brain heart infusion (BHI) broth (pH 6.8) which contained, per liter of deionized water, 37.0 g of BHI (Oxoid Ltd., London, England), 21.93 g of Na2HPO4, and 4.81 g of citric acid.
To assess the thermal stability of A. hydrophila and its susceptibility to sublethal heat injury, a 24-h culture (loop inoculum, BHI, 30°C) was diluted 10-fold in 0.1% peptone water (pH 7.0). The diluted culture (1.0 ml) was added to 9 1.7 g/m2 per 24 h and 1 to 1.5 cm3/m2 per 24 h, respectively. While permeability rates for CO2 and N2 were not provided by the manufacturer, C02, N2, and 02 contents in the headspaces of pouches were monitored throughout the study. To facilitate gas exchange before and after packaging, the lids of the plates were kept slightly ajar with sterile wooden toothpicks. The pouches were flushed with 100% CO2 or N2 gas for 5 min, evacuated, reflushed with CO2 or N2, and then heat sealed. Plates stored at 30°C were incubated for up to 31 h, while plates stored at 5°C were incubated for up to 23 days.
Gas composition within pouches was determined by using a gas chromatograph equipped with a thermal conductivity detector (series 580; Gow Mac Instrument Co., Bridgewater, N.J.). Air 60(C; the injector port was set at 65°C, and the detector current was maintained at 100 mA. Gas peak heights were obtained by using a model SP-G6P recorder (Riken Denshi Co., Tokyo, Japan) operated at a chart speed of 100 mm/h. Gas composition was determined by comparing sample peak heights with corresponding peaks from air, C02, and N2 standards. Gas samples were analyzed immediately after packaging and periodically throughout the incubation period.
The rates of growth of unheated and heated A. hydrophila incubated under air, CO2, and N2 at 5 and 30°C were monitored. At each sampling time, the individual plate within the pouch to be analyzed was separated by heat sealing the barrier film between it and the remaining plates. Individual plates could thus be removed from each pouch without disrupting the atmosphere in the remainder of the pouch. Populations of A. hydrophila on each plate were determined as follows. The entire agar block was removed from the sample plates with a sterile scalpel and placed into a sterile stomacher bag containing 50 ml of 0.1% peptone water. Samples were pummeled for 1 min with a stomacher, appropriately diluted in 0.1% peptone water, and surface plated onto BHI agar plates. Plates stored under air and N2 were incubated at 30°C for 24 h. Plates stored under CO2 were incubated at 30°C for 48 h to ensure full colony development. Colonies of A. hydrophila were then counted, and populations were calculated as CFU per square centimeter of sample agar surface.
Results of the heating studies revealed that A. hydrophila UQM 2768 is quite sensitive to heat inactivation at 45 to 48°C for up to 20 min. Similarly, Palumbo et al. (14) reported that A. hydrophila exhibited no unusual heat resistance when heated in saline and raw milk. In this study, at least a 98.7% reduction in viable population occurred after 10 min of heating at 46 to 48°C. Inactivation at 45°C (Fig. 1) although the lengths of the lag phases were extended slightly and the final populations were reduced under N2 (Fig. 2) . N2 concentrations were 97.6 and 96.3% in pouches containing plates inoculated with uninjured and heat-injured cells, respectively. These pouches contained less than 1.0% 02.
Initiation of the exponential phase of growth for uninjured and heat-injured cells incubated under CO2 did not occur until after ca. 4 h. The growth rates of heat-injured cells incubated under CO2 were substantially less than those of uninjured cells. Incubation for up to 31 h under CO2 resulted in smaller viable populations than those found when cells were grown under air and N2. Gas analysis of incubated pouches revealed that the concentrations of CO2 were 99.3 and 98.6% for uninjured and heat-injured cells, respectively, and that the concentrations of 02 did not exceed 1.0%.
The effects of atmospheric gas composition on uninjured and heat-injured A. hydrophila were magnified at 5°C (Fig. 3) compared with 30°C. The lag phases for cells incubated under air and N2 at 5°C were longer than for those incubated at 30°C. Populations of uninjured A. hydrophila incubated under air and N2 remained constant until the beginning of the exponential phase, whereas the population of heat-injured cells declined. Incubation under N2 at 5°C favored growth. Studies reported by others (5) have indicated that the inhibitory effect of CO2 on microbial growth is enhanced as the temperature of incubation is decreased. Observations from the study reported here indicate that A. hydrophila behaves similarly. The mechanism of CO2 inhibition is partly due to a decrease in the pH of the growth medium (4, 6) . For this reason, buffered BHI agar was used in this investigation to reduce the effect of pH on growth inhibition. The pH of BHI agar incubated under CO2 for up to 48 h at 30°C and for up to 24 days at 5°C did not fall below 6.4.
The most unexpected observation made during this investigation was the response of A. hydrophila to N2 at 5°C.
Although N2 is typically used as a filler gas to preserve the sensory quality of packaged foods, it also has been reported to elicit a slight inhibitory effect on the growth of microorganisms (5, 7, 10) . However, results of this investigation indicate that N2 actually enhanced the growth of uninjured and heat-injured A. hydrophila at 5°C. Enfors et al. (7) reported that large populations of A. hydrophila were present on pork packaged under nitrogen. Other researchers (2) have suggested that reducing the 02 concentration in refrigerated packages of meat enhances the growth of A. hydrophila by suppressing the growth of Pseudomonas spp. Pure cultures of A. hydrophila were used in this study, however, thus weakening theories of the effects of competitive growth.
Oxygen, at sufficiently high concentrations, can be toxic to microorganisms. In response, some microorganisms have developed protective mechanisms (e.g., superoxide dismutase) to overcome this toxicity (6, 9 
